Abstract. End users will play a crucial role in up-coming smart grids that aim to link endusers and energy providers in a better balanced and more efficient electricity system. Within this context, this paper aims to deliver a coherent view on current good practice in end-user engagement in smart grid projects. It draws from a recent review of theoretical insights from sustainable consumption behaviour, social marketing and innovation systems and empirical insights from recent smart grid projects to create an inventory of common motivators, enablers and barriers of behavioural change, and the end-user engagement principles that can be derived from that. We conclude with identifying current research challenges as input for a research agenda on end-user engagement in smart grids.
Introduction
End-users will play a crucial role in up-coming smart grids that aim to link end-users and energy providers in a better balanced and more efficient electricity system. However, although a variety of insights are available, a consistent and integrated view on how to engage end-users in smart grid projects to promote smart energy behaviour is lacking. Therefore, a literature review [1] was conducted to establish a clear view on the state-of-the-art of end-user engagement in smart grid projects from both a theoretical and from an empirical perspective. This paper summarizes key findings from the literature review in terms of the reported enablers and barriers for engaging end-users in smart energy behaviour (Sect. 3), recommendations or "success factors" for end-user engagement (Sect. 4) , and a number of key challenges for future research and development (Sect. 5). For details of the literature review, the reader is referred to the full report [1] .
Scope of the literature review
The literature review draws from various strands, broadly distinguishing a theoretical and empirical perspective.
The theoretical perspective includes relevant theoretical models/frameworks for understanding smart energy behaviour from a psychological, economic, sociological, innovation, transitions and marketing perspective. From these models and frameworks, the review extracts key insights on typical drivers of Figure 1 . A stylised interpretation of the process of end-user-interaction distinguishing an "activation" and "continuation" phase.
end-user behaviour, the segmentation of different end-user types, and how to actively engage end-users in projects like the ones in the area of smart grid.
The empirical perspective includes various evaluation reports and meta-reviews of experiences with smart grid projects. From this literature, this report synthesises current views on "what works" in enduser engagement concerning tariff structures and incentives, feedback, communication and engagement strategies, and privacy and security issues. Also, it draws from literature on new smart grid market models -describing innovative ways of how different market players and end-users can interact under a smart grid framework -and it reviews experience with uptake of innovations in other related sectors like telecom.
Enablers and barriers for engaging in smart energy behaviour
Smart energy behaviour typically entails energy efficiency (using no more energy than is needed), flexibility (e.g. shifting energy demand to times of relative energy surplus) and sustainable energy generation (for example through photovoltaic cells or other means). What do the theoretical and empirical insights tell us about the enablers and barriers of such smart energy behaviour? We first note that smart energy behaviour includes behaviours at different levels of consciousness, ranging from habitual to conscious and one-shot behaviour [2] . Energy related practices as such -like washing, cooking, heating etc. -can typically be considered habitual. However, behaviours towards a change of practices -like deciding whether to engage in a smart grid project and / or to buy smart appliancesare rather conscious or even one-shot. Figure 1 presents this view in a highly stylized manner. The process of end-user engagement in smart grid programs and their consequent interaction with new technologies, feedback and pricing schemes (i.e. the "end-user interaction scheme") is interpreted as a process of practice change towards a higher level of "smartness". At the start of the process, it is assumed that end-users carry out their energy related practices in a rather habitual manner. As end-users become engaged in a smart grid program, they are stimulated towards more conscious decision-making. This phase can be considered rather "disruptive", as existing practices need to be reconsidered and redefined. In this "activation phase", end-user interaction is targeted typically at achieving active end-user participation and an explicit consideration of old and new practices. As new practices are adopted, behaviour becomes again more rd European Energy Conference habitual. End-user interaction is then more aimed at supporting and reinforcing the new energy practices ("continuation phase").
Here, we focus on reported key enablers and barriers that may be important in the "activation" and "continuation" phases of end-user interaction. Literature reports on a variety of factors end-users consider when deciding whether to engage in (and continue with) a smart grid program. These factors can be classified as either enablers (reasons why end-users may be tempted to engage) or barriers (reasons why they would not). Table 1 presents an overview of the various possible enablers and barriers listed in the literature. They are grouped under the categories (in alphabetical order) comfort, control, environment, finance, knowledge & information, security, and social process.
Interestingly, for most categories both enablers and barriers can be identified:
• Comfort: Possible loss of comfort is an often mentioned barrier, see e.g. [3] . Smart grid technology may also increase levels of comfort, also mentioned as a potential enabler as such.
• Control: An often mentioned barrier to engagement is the perceived loss of control over appliances, as automated control algorithms "take over" appliances [4, 5] . Smart grid technology, however, may also extend the possibilities for control, for example, through more advanced possibilities for controlling appliances (e.g. using mobile devices), extended possibilities to participate in the electricity market (e.g. [6] ), and possibilities for becoming more energy independent ("energy autarky").
• Environment: The environmental benefits of smart grid development -reducing greenhouse gas emissions by integrating renewables into the grid -is a reported key benefit end-users may strongly care about (e.g. [7] ).
• Finance: It is clear that financial or "in kind" incentives and the expectation of a reduced energy bill may be clear enablers for engaging in smart grid programs (e.g. [3, 4, 6, 7] ). On the other hand, engagement may also require investment costs for smart appliances, and may also lead a higher energy bill for end-users requiring electricity at peak times.
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EPJ Web of Conferences Table 2 . Success factors for end-user engagement described in the literature for the activation phase. • Knowledge & information: More transparent and frequent billing information and detailed knowledge about energy use by different appliances are considered a key benefit for end-users engaging in a smart grid program (e.g. [6] ). Yet, the lack of adequate knowledge and information provision about the smart grid program may act as a barrier (e.g. [8] ). Additional barriers in this category are lack of competences to deal with new technologies or to negotiate with energy suppliers (e.g. [8] ), a lack of awareness about the concept "smart grid" and its potential gains, and perceived risks like the (supposedly) adverse health effects of wireless signals (e.g. [5, 7] ).
Success factor Empirical findings Theoretical concepts
• Security: A typical security issue is improved reliability, often mentioned as an important advantage (e.g. [6, 7] ). On the other hand, privacy and security concerns are reported as potential barriers (e.g. [4, 7] ).
• Social process: The positive stimuli social processes may provide are mostly reported as enablers of end-user engagement. This concerns, for example, the stimulating effect of role models [8] and customer testimonials [7] , and the "community feelings" and sense of competition smart grid programs may appeal to [4] , basically making participation "fun". To some extent, social values are also reported as barriers, for example through "free rider effects" [6] (creation of a sense of unfairness, because non-participants of the smart grid also benefit from peak shaving) or job losses [7] (as meter readers will no longer be needed) end-users don't want to be responsible for.
Recommendations for successful end-user engagement
Given the insights in enablers and barriers, in what ways can smart energy behaviour be facilitated?
To address this question, we classified the various recommendations from literature into a set of key success factors supported both by empirical findings and established theoretical insight. We thereby distinguish success factors that are applicable mostly to the activation phase ( Table 2 ) and ones that are mostly applicable to the continuation phase ( Table 3 ). The column "empirical findings" in these tables rd European Energy Conference contains illustrative examples for the corresponding success factor drawn from the empirical strand of literature. The column "theoretical concepts" provides corresponding concepts from the theoretical strand, such as reflected in key (social) marketing models like the 4P's marketing mix [9] (product, price, promotion, place), the AIDA model [10] (attention interest, desire, action), Cialdini's principles of influence [11] (reciprocity, commitment, social proof, liking, authority, scarcity), Defra's 4E model [12] (enable, encourage, engage, exemplify), and Social Marketing [13] .
For the activation phase, we arrive at the following key success factors:
• Provide added value: This corresponds broadly with providing clear added value on the various categories of enablers, while relieving barriers as much as possible. This includes, for example, applying attractive financial incentives, ensure comfort gains rather than losses, providing new information services, ensuring data privacy and security, and include possibilities to overrule automatic procedures while offering new forms of end-user control.
• Understand end-users: Different target groups may be susceptible to very different enablers and barriers. The challenge is thus to understand which ones are of particular relevance, and to base engagement strategies on that (e.g. [4, [6] [7] [8] ).
• Educate end-users: Relieving possible knowledge & information barriers will involve some form of education as programs need to take into account consumer (non-)ability to deal with new technology (e.g. [7, 8, [14] [15] [16] [17] [18] • Reflection & learning: Smart grid innovations can be considered "complex", involving many connections to other domains and scale levels and significant uncertainties on technical, social and other dimensions. Reflection and learning is therefore needed throughout the process. This may include eliciting and evaluating end-users' expectations, incorporating monitoring and evaluation cycles, letting initiatives explicitly be part of a wider programme with clear objectives, and creating arenas in which end-users, suppliers, designers and other actors collaborate and co-create knowledge in the further development of the smart grid. See e.g. [8, 13, 20] .
Key challenges for (research on) end-user engagement in smart grids
Finally, we formulate key challenges for (research on) end-user engagement in smart grid projects reflecting current gaps in knowledge. Looking back on Fig. 1 , the overall challenge may be formulated as: "how to contribute to smarter energy behaviour"? In other words, how to break "old" routines and practices of energy use, and support the development and new "smarter" ones? Within this scope, the following key challenges are defined: A 1 st challenge relates to identifying and targeting specific end-user groups. Although the overall scope of potential enablers, barriers and success factors for end-user engagement is relatively clear (see Table 1 , Table 2, and Table 3) , it is as yet largely unclear how these should be related to the different type of end-users that may be targeted. End-user segmentation is one of the approaches that may be further developed in this respect. The challenge is thus to find instruments or approaches that contribute to achieving better understanding of the enablers and barriers of target groups and the type of end-user interaction scheme best suited to them.
A 2 nd challenge relates to the added value of smart grid related products from the perspective of the end-user. The current energy system in Western Europe operates with few flaws. End-users are used to being able to use electricity whenever they see fit. The risk with smart grid projects is being perceived as "demanding" a lot from customers (in return to reduction of price), rather than as a project that makes an interesting offer (for which end-users would be even willing to pay). In that sense, smart grid technology is a challenging technology to "sell". The challenge is thus to find innovative products and services that provide clear added value to end-users, while contributing to fostering smart energy behaviour.
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Further challenges involve a better empirically grounded understanding of the effect of respectively feedback (challenge 3) and dynamic pricing (challenge 4) on energy use, peak clipping and other enduser response. Notably, further research is needed to assess the effect of combinations of approaches and to identify critical success factors. The challenge is thus to understand both which (monetary or non-monetary) incentives and pricing schemes, as well as feedback information and feedback channels contribute to fostering smart energy behaviour.
A 5 th key challenge relates to the use of communication channels, information and marketing techniques. Although a number of general recommendations on communication and information provision can be given, empirical evidence on the effect of communication and information on smart energy behaviour remains weak. Moreover, although the field of marketing has shown the added value of applying marketing techniques, actual use of such techniques in smart grid projects remains weak. The challenge is thus to better understand which communication channels, information and marketing techniques contribute to recruitment and engagement of end-users in smart energy projects.
A 6 th key challenge relates to the cooperation between stakeholders. Current smart grid projects may include various actors other than the traditional energy players. It is as yet unclear how this involvement of non-energy players may influences end-user engagement. The challenges is thus to understand to what extent involvement of non-energy stakeholders contributes to end-user engagement and smart energy behaviour.
A 7 th key challenge relates to the end-users as initiators of projects. Whereas the literature describes a variety of results on end-user involvement, relatively little is reported on "bottom-up" projects in which end-users are initiators and "owners" of the project. Here, combining smart grid research with research on smart cities seems promising, as the latter does tend to place the end-user in a more central role. The challenge is thus to find instruments or approaches that contribute to facilitating end-user empowerment.
An 8 th key challenge relates to the new market structures and the role of end-users in those structures. Although a number of projects have addressed this issue, further testing is needed. Key questions include, for example, how legislation and regulation can better support smart grid development, and how to ensure confidentiality of information flows to ensure end-user trust? Another issue is to develop new interpretations of the role of customers, as well as the market entry of completely new actors and roles that lead to new interactions and innovative value chains in the energy system. All in all, the challenge is thus to understand which features of the interaction between end-users and energy market structures contribute to end user engagement and smart energy behaviour.
A 9 th key challenge relates to up-scaling and replicating pilot projects involving a diverse end-user group. Although significant experience exists with pilot projects, little experience has been gained in larger scale roll-outs. Findings from pilot projects -often targeting specific end-user groups (e.g. "early adopters") -can not a priori be transferred to the case of larger scale roll-outs dealing with a much more diverse audience involving amongst others relatively "indifferent" end-user groups. The challenge is thus to understand which issues hamper and/or facilitate up-scaling or replication of smart energy projects.
Conclusion
Our review shows that an end-user centred approach in smart grid projects is needed. Such an approach should address both conscious (e.g. buying smart appliances) and habitual (e.g. energy related practices) forms of behaviour and the enablers and barriers that may apply. Much is known about the possible enablers and barriers of smart energy behaviour (Table 1) . However, as all end users are different, enduser engagement strategies should differentiate to understand which enablers and barriers are of specific relevance for the targeted end-user group. Also, an extensive list of reported success factors for end-user engagement was given ( Table 2 and Table 3 ). We stress that this list is not to be interpreted as a blue print, but rather as an overview of factors that need to be considered when designing or evaluating an 04003-p. 7 EPJ Web of Conferences end-user engagement strategy. A number of key challenges for future research have been formulated that may provide future directions for better linking smart end-users, smart energy providers and smart grids in a better balanced and more sustainable electricity system.
